The concept of immune memory forms the biological basis for vaccination programs. Despite advancements in the field of immune memory and vaccination, most current vaccines are evaluated by magnitude of antigen-specific antibody titers in serum or mucosa after vaccination. It has been shown, however, that antibody-mediated humoral immune memory is established regardless of the magnitude and duration of immune reactions, suggesting that assessment of vaccine efficacy should be performed for several years after vaccination. This long-term investigation is disadvantageous for prevalent and pandemic infections. Long-lived memory plasma cells and memory helper T cells which contribute to humoral immune memory are generated in the bone marrow after migration of memory cell precursors through bloodstream. Thus, it may be a novel evaluation strategy to assess the precursors of memory cells in the blood in the early phase of the immune reaction(s). We here review recent advances on the generation and maintenance of immune memory cells involved in humoral immunity and introduce a current concept of direct and short-term assessment of humoral immune memory formation upon vaccination as a correlate of protection.
INTRODUCTION
One of the key features of the adaptive immune system is the formation of immune memory upon infection. When Edward Jenner back in 1796 observed that milkmaids were protected against smallpox due to their exposure to the pus in the blisters from cowpox, he did not know that his discovery would lead to one of the first global immunization programs and thus the eradication of a severe human infectious disease as certified by the World Health Assembly on 8th May 1980. [1] [2] [3] Later on, Louis Pasteur, Robert Koch and Paul Ehrlich moved the vaccination era forward by developing inactivated and attenuated agents from highly virulent pathogens and showed that only a small fraction of the pathogen, a toxin or its inactivated derivate, a toxoid, was sufficient to induce immunity. 4 The development of vaccines has substantially reduced the threats associated with smallpox, poliomyelitis, rabies, diphtheria, tetanus, pertussis, Haemophilus influenzae type b, measles, mumps, and rubella. Although these infectious diseases are nowadays controlled in the greatest part of the world, 5, 6 we still face uncontrolled virulent pathogens without access to effective vaccines.
Vaccination ultimately aims at the generation of immune memory to avoid expansion of pathogens by dual inhibitory mechanisms; providing antibodies continuously and maintaining memory cells which induce rapid recall responses. A vast majority of recent efficacious vaccines successfully allow the immune system to generate affinity-matured class-switched antibodies, leading to neutralization or clearance of the pathogen. For major infectious diseases caused by pathogens such as human immunodeficiency virus (HIV) or hepatitis C virus (HCV), however, effective vaccines are still required.
Recent evaluation systems for vaccines point toward the measurement of T-cell quality with regards to cytokine secretion as a protective correlate 7 in addition to antibody titers in serum during the course of an immune response. Even though the generation of immune memory provides the basis for the concept of vaccination, direct assessment of immune memory cells and their precursors has not yet been established as a correlate of protection. With growing knowledge about the phenotype, function and localization of immune memory cells in the body, these cells may provide a novel correlate of protection for evaluation of more efficacious vaccines. We here review current advances on the generation, maintenance and roles of immune memory cells involved in humoral immunity, suggesting that the assessment of memory cell precursors in blood is more beneficial as potential correlates of protection, compared with conventional approaches based on the magnitude and persistence of immune responses.
GENERATION AND MAINTENANCE OF IMMUNE MEMORY
Immune memory is characterized by the ability of the immune system to constantly provide antibodies, and also respond more rapidly and effectively to pathogens that have been encountered previously. After clearance of pathogens, the generated long-lived plasma cells, which are also called memory plasma cells, 8 continuously provide pathogenspecific antibodies for protection up to a lifetime. First insights into the existence of lifelong protection against a specific pathogen were provided by a measles outbreak on the Faroe Islands in 1781. 9, 10 Sixty-five years later, the islands were again affected by a second outbreak of measles. Interestingly, no elderly population that was already infected in 1781 was measles-stricken at that time. 9 On the other hand, when the immune system is re-challenged with the same pathogen, memory T helper (Th) cells and memory B cells that have been generated in the course of the primary immune response, elicit a more rapid recall response at stronger magnitude than naive cells do. Thus, the protective immunity is accomplished in a consequence of immune memory, i.e. by the persistence of memory cells.
Memory plasma cells continuously providing high-affinity antibodies
During an immune response, some antigen-specific activated B cells differentiate into memory B cells and short-lived plasma cells ( Figure 1 ). 8 Furthermore, in the course of a recall response, memory B cells differentiate into plasma blasts, migrate from the spleen into the bone marrow (BM) in a CXCR4-CXCL12 and S1P1-S1P dependent manner and eventually become memory plasma cells. 8, 11, 12 The chemotactic responsiveness to CXCL12 and S1P in migratory plasma cells in the blood in the early phase of recall response may enable us to evaluate the vaccination efficacy as an assessment of longterm production of pathogen-specific antibodies. The BM-resident memory plasma cells are a major source of circulating IgG antibody. 13, 14 They secrete several thousand antibodies per second for years, although they are resting in terms of proliferation. 15, 16 Within the BM, antibody-secreting memory plasma cells are maintained in the absence of antigen, 17 but rely on factors such as CXCL12, integrin alpha4, a proliferation inducing ligand (APRIL) and interleukin (IL)-6 provided by stromal cells, megakaryocytes and eosinophils. [18] [19] [20] [21] Memory Th cells inducing recall responses CD4 T cells play a crucial role in protection against a variety of pathogens. Upon infection, dendritic cells take up pathogenic antigens and prime naive T cells ( Figure 1 ). Activated CD4 T cells clonally expand and differentiate into effector Th cell subsets, 22 which are able to provide help to B cells in secondary lymphoid organs (SLOs). Several studies have shown that a lack of CD4 T cells impairs the generation of high-affinity memory B cells and plasma cells [23] [24] [25] indicating that CD4 T cell help is crucial for the subsequent establishment of humoral immune memory. After the clearance of the pathogen, the majority of activated CD4 T cells undergo apoptosis, leaving behind a minor population of memory CD4 T cells that are heterogeneous and conventionally divided into distinct subsets based on their expression of surface molecules, ultimately defining their localization in the body as well as their ability of cytokine secretion.
Tissue-resident memory Th cells (T rm cells) are known to reside in epithelial barrier tissue such as the gut, skin or the respiratory tract, 26 and are poised to rapidly respond upon local pathogen re-challenge. Central memory Th cells (T cm cells) are defined by their expression of a chemokine receptor CCR7 and an adhesion molecule L-selectin (CD62L), which enable the passage from the blood vessel into SLOs and the migration to periarteriolar lymphoid sheaths (PALS). On the other hand, effector memory Th cells (T em ) are predominantly found in peripheral tissues to provide immediate protection and express only marginal levels of CD62L and CCR7. 27 It has been shown that T em cells can be replenished from the pool of T cm cells, 28 while the type and site of infection (systemic or local) defines the relative role of T cm to T em during recall responses. 29 The existence of memory T follicular helper (Tfh) cells has also been postulated and characterized by their ability to rapidly provide help to memory B cells in SLOs. [30] [31] [32] [33] [34] [35] [36] Recent studies by our group demonstrate that in mice, some activated CD4 T cells preferentially migrate into the BM during primary immune responses, and reside and rest there as professional memory Th cells characterized as CD44 hi CD62L − CCR7 − CD4 T cells (Figure 1 ). [37] [38] [39] [40] [41] [42] In the memory phase of an immune reaction, about 90% of antigen-specific memory Th cell are located in the BM. 37 This quiescent population is distinct from aforementioned conventional memory Th cell subsets and can be identified by high expression of Ly-6C, and the activation markers CD69 and CD49b (integrin α2) whose expression is required for homing to the BM. [37] [38] [39] 42 Interestingly, it has been reported that also in humans, memory Th cells reactive to systemic pathogens, such as cytomegalovirus (pp65), tetanus toxoid, measles, mumps and rubella, are significantly enriched in the BM in comparison to peripheral blood. 43 When naive mice are adoptively transferred with BM or splenic memory Th cells, BM memory Th cells induce recall response more efficiently. 37 In case of ex vivo stimulation, BM memory Th cells respond faster in terms of production of cytokines and co-stimulatory molecules when compared to splenic cells. 37 These results suggest that BM memory Th cells rapidly travel into the SLOs to provide B cell help and promote a high-affinity antibody response during recall response.
How BM memory Th cells are generated is current focus of investigation. Several studies shed light on the important role of B cells for the generation of memory Th cells in different compartments. The relation between B cells and Tfh cells seems to be interdependent for effective humoral immunity. Tfh cells are crucial providers of T cell help to B cells for germinal center formation, affinity maturation and the generation of high-affinity antibodies and memory B cells. 44 In turn, cognate B cells typically become the primary source of antigen in germinal center reactions and thus are critical for Tfh cell differentiation that relies on continuous antigen presentation. 45 Additionally, cognate B cells have been shown to support the expansion of Tfh cells but are not required for the induction of Tfh-lineage specific transcription factor Bcl6. 46 In the spleen, B cells have also been reported to be essential for the generation of memory Th cells. [47] [48] [49] [50] [51] Interestingly, our recent study suggests a negative role of B cells on the generation of BM memory Th cells. 52 In the course of an immunization, the ratio of CD49b-and T-bet (a master transcription factor for Th1 differentiation)-co-expressing cells in activated antigen-specific CD4 T cells is increased according to their migratory process from spleen (~14%) via bloodstream (~34%) to BM (~53%), suggesting that this population contains the potential precursors for BM memory Th cells. Accordingly, the fluctuation of T-bet + CD49b + antigen-specific Th cells in the periphery correlates with the number of accumulating antigen-specific Th cells in the BM and thus their detection in the periphery may function as a correlate of protection after vaccination. In the absence of B cells (in B-cell depleted and B-cell deficient mice), we found an enhanced generation of CD49b + T-bet + memory Th cell precursors in the spleen and blood and their accumulation in the BM during the early phase of an immune response. This may suggest that B cells control the numerical balance of antigen-specific Th cells in the spleen and BM (Figure 2 ). 52 Interestingly, although persistent antigen emulsified in adjuvants of oil and aluminum hydroxide augments the expansion of antigenspecific CD4 T cells and the retention of effector Tfh cells in SLOs compared to antigen with soluble adjuvants, e.g. LPS, 42, 53 no adjuvant affects the ultimate number of BM memory Th cells. 52 These data suggest that antigen persistence is an important factor for the magnitude and duration of an immune response, but not for the generation of BM memory Th cells. Thus, a strong and long-lasting immune response is not always a direct factor to determine the proportion of protective immune memory.
BM as a central tissue for immune memory
The maintenance of immune memory cells in the BM depends on cytokine signals provided in distinct stromal niches. 54 The chemokine Figure 2 The balance of splenic effector Tfh cells and BM memory Th cells is determined by the quantity and duration of antigen. By antigen persistence, the generation of BM resting memory cells is not affected, while the numbers of splenic effector Tfh cells are enhanced.
Immune memory forms the basis for vaccination J Sarkander et al CXCL12 guides the migration of memory plasma cell precursors to their niches comprised of reticular VCAM-1 + stromal cells. 11, 18, 55 Furthermore, the prominent plasma cell survival factors, IL-6 and APRIL, secreted by megakaryocytes and eosinophils in the direct vicinity of VCAM-1 + CXCL12 + stromal cells, provides an optimized environment to maintain the survival niche for memory plasma cells in the BM. 19, 20 BM memory Th cells reside in the near vicinity of IL-7-and collagen XI-co-expressing reticular stromal cells that comprise about 1% of the BM cells, thus defining their pool size (Figure 1) . 37, 54 Some reports have shown that memory B cells reside in the spleen. 56 Interestingly, a dynamic population of memory B-cell clones which have undergone somatic hypermutation, has been found in the human BM. 57 Although the exact localization of memory B cells still remains controversial, the BM should be considered as a potential tissue for the residence of memory B cells. Thus, the knowledge about the whereabouts of immune memory cells will greatly contribute to the understanding of how immune memory cells are generated upon vaccination.
ASSESSMENT OF IMMUNE MEMORY AS CORRELATE OF PROTECTION
The majority of commercially applied vaccines induce the production of IgG and/or IgA in serum or mucosa in order to neutralize or block pathogens, or interfere with pathogenic invasion via the bloodstream. 5, 6 The neutralizing antibodies serve as a correlate of protection and are regarded as a hallmark of vaccine efficacy. In order to measure the type and magnitude of an immune response to either infection or immunization, Ig detection assays such as ELISA are fully established for all Ig classes in mice, other laboratory rodents and all large-animal species which are used for vaccine development (for example, pig, cattle etc.). 58 Classical examples are smallpox vaccines, 59 which contain live attenuated pathogens that elicit a strong humoral immune response leading to protection. Serum neutralizing antibody titers against intracellular pathogens (for example, hepatitis A and B) have been also defined as correlates of protection. 60, 61 As the measurement of neutralizing antibodies in the early phase of an immune reaction reflects the secretion of Ig by short-lived plasma cells rather than the establishment of protective memory by memory plasma cells, it may be important to assess antibody titers at later time points, i.e. several years after vaccination. However, monitoring the antibody titers for several years is disadvantageous to determine the efficacy of a potent vaccine in clinical studies. We here propose that assessment of memory precursor cells in peripheral blood speeds up the process for evaluation of vaccine candidates and supports a quick admission from bench to bedside. Assessing long-lived memory B cells and memory plasma cells by multicolor flow cytometry or ELISPOT assay can be a good indicator for appropriate immune memory against infections. 62 It is already reported that the functional evaluation of memory B cells by ELISPOT assay correlates with protection against hepatitis B virus (HBV) infection. 63 However, insignificant correlations between memory B cell numbers and protection against infection have been also found after vaccination against human rotavirus 64 or measles. 65 Further investigation about memory B cells should be performed.
In mice, antigen-specific plasma blasts migrate from the spleen into the BM within the short time frame of 48 h between days 4 and 6 post-secondary immunization. 11, 13, 16 Interestingly, even though few in numbers, antigen-specific murine plasma blasts in the peripheral blood also peak between days 4 and 6, and characteristically express the chemokine receptor CXCR4. 11 In humans, migratory CXCR4 + plasma blasts are also found in the peripheral blood between days 6 and 8 after secondary immunization with tetanus antigen. 66 Kabashima et al. 12 have indicated that migratory plasma cells in the blood on day 3 after challenge significantly express S1P1 mRNA and attract to S1P ex vivo. Hence, the assessment of migrating memory plasma cell precursors in the human blood can correctly provide a correlate of protection.
Major hurdles in analyzing protective T-cell responses in humans are technical limitations due to the vast HLA polymorphism and the wide variety of functions and populations of T cells generated during an immune response. However, the detection of cytokine-producing cells by ex vivo stimulation with antigen may facilitate the detection of antigen-specific CD4 T cells. The magnitude of a CD4 T-cell response after vaccination can be measured by a single parameter such as IFN-γ production. 67 However, it does not always reflect the precise functional potentials. Only complex combinations of numbers, proliferative activity, abilities for secretion of multiple cytokines or expression of mobilization-related molecules (chemokine receptors and adhesion molecules) of antigen-specific CD4 T cells should be considered as correlates of protection. Okhrimenko et al. 43 have shown that human BM enriches memory Th cells in comparison with peripheral blood. However, considering that human BM from vaccinated patients cannot be easily assessed for evaluation of vaccine efficacy during the clinical phase of vaccine development, the peripheral blood of vaccinated patients can be a major resource to analyze antigen-specific memory cell precursors that are destined to reside in the BM. We have recently shown in mice that antigenspecific CD49b + T-bet + Th cells in the periphery are enriched in the BM. 52 Hence, the enumeration of CD49b + T-bet + memory Th cell precursors in the blood can be beneficial to estimate the prospective generation of resting Th cell memory following vaccination. Further investigation to define the full characteristics and lifestyle of memory Th cell precursors will be crucial for developing a new evaluation system for vaccine effectiveness.
CONCLUSIONS AND PERSPECTIVES
Vaccination is based on the concept of immune memory. Conventional approaches to evaluate vaccine-induced immune responses by measuring neutralizing antibody titers and T-cell responses in the effector phase do not always represent the gain of immune memory. We here propose that the quantification of memory cell precursors in the blood, for example, CD49b + T-bet + resting memory Th cell precursors and CXCR4 + S1P1 + memory plasma cell precursors, 11, 12, 52 can be advantageous in order to determine the quality of protection upon the prospective establishment of humoral immune memory, since immune memory in the BM can be established regardless of the magnitude of the immune reaction. Additionally, memory precursor cells are detectable in peripheral blood within one week after vaccination, which offers an enormous time saving in comparison to the detection of neutralizing antibodies or antigen-specific memory cells that appear at much later time points of the immune reaction. The new evaluation system of immune memory will validate correlates of protection for the existing vaccines from different angles, and will establish a basis for new vaccine design strategies against pathogens for which vaccines have not yet been developed successfully.
